~" Magnetic resonance (MR) imaging was evaluated for its possible diagnostic application in determining the survival of fetal central nervous system tissue grafts in the injured spinal cord. Hemisection cavities were made at the T1 l-L1 level of eight adult female cats. Immediately thereafter, several pieces of tissue, either obtained from the fetal cat brain stem on embryonic Day 37 (E-37), from the fetal neocortex on E-37, or from the fetal spinal cord on E-23, were implanted into the cavities made in seven cats. The eighth cat served as a control for the effect of the lesion only. In another group of four animals, a static-load compression injury was made at the L-2 level. Seven weeks later, the lesion was resected in three cases and fragments of either fetal brainstem or spinal cord tissue were introduced. A small cyst was observed in a fourth cat in the compression injury group and a suspension of dissociated E-23 brain-stem cells was injected into this region of cavitation without disturbing the surrounding Ieptomeninges. Five months to 2 years posttransplantation, MR imaging was performed with a 2.0-tesla VIS imaging spectrometer by acquiring multislice spin-echo images (TR 1000 msec, TE 30 msec) in both the transverse and sagittal planes.
T HERE have been many recent advances in central nervous system (CNS) grafting methods directed toward the promotion of functional recovery in relation to various neurological disorders. 6.~2 Although many of these investigations have focused on intracerebral transplantation, others have begun to explore the potential of fetal CNS tissue to foster functional improvement in the injured spinal cord. Accordingly, several studies have demonstrated the ability of embryonic spinal cord, brain-stem, and neocortex tissue to survive and establish axonal connections with adjacent host tissue in both acutely and chronically injured rat spinal cord. ~'' is. ~.26.29 It has also been reported that fetal spinal cord and brain-stem tissue grafts can contribute to some degree of functional recovery in neonatal '~ and adult rats) , 33 In addition, recent studies have shown the feasibility of implanting regions of the embryonic neuraxis into acutely and chronically injured spinal cords of adult cats?
One fundamental limitation of studies involving fetal CNS or paraneural (adrenal medullary) tissue grafts to the brain or spinal cord is that inferences about the dynamic features of fetal grafts (growth, survival, hostgraft approximation) are usually derived from longitudinal postmortem analyses. This issue becomes increasingly restrictive as transplantation studies are extended to higher mammals, such as cats or subhuman primates, since it is not desirable to use a large number of such animals. In addition, the goal of extending CNS grafting methods to humans, L I9 for whom noninvasive evaluations of the growth integration, survival, and/or potential rejection of a neural graft are essential, underscores the need to adopt alternative ways for obtaining such information from living subjects.
Accordingly, a relatively benign approach, such as magnetic resonance (MR) imaging offers several potential advantages. Foremost is the capacity for repeated in vivo evaluation of transplants with minimal risk to the subject. In addition, MR imaging is the modality of choice for diagnosing the variety of pathologies, including posttraumatic sequelae, that affect the spinal 13 14 1721 2228 cord. 9 ....
Considerations that underscore the advantages of MR imaging for studying the spinal cord include a capacity for multiplanar imaging with high spatial resolution and its excellent soft-tissue discrimination (for example, between gray and white matter). Recently, some investigators have described the use of MR imaging in studies of the injured spinal cord in rodents 13 and dogs. ~o.3~ It has also been used to evaluate fetal CNS transplants in the kainic acid-lesioned striaturn or thalamus of the adult rat. 24'25':7 Some general descriptions of MR findings in the survival of intracerebral CNS grafts in cats 34 and primates 2~ have also been published recently.
The application of MR imaging to studies of fetal neural tissue grafts is still in its infancy. Thus, it is unclear to what degree imaging protocols used to evaluate one region of the CNS would optimally apply to another. For example, differences in the volume of host tissue alone, as well as the nature of the associated pathology, present challenges that are unique to experiments involving the spinal cord. In addition, MR imaging has yet to be used in investigations of intraspinal grafts in any animal model. The present study examines whether the presence of viable fetal cat neural tissue transplanted into the injured adult cat spinal cord can be visualized in vivo by high-field MR imaging.
We show here that areas of medium to moderately high signal intensity on in vivo intermediate-weighted MR images consistently corresponded with the presence of intraspinal fetal grafts in the hemisected or compres-E. D. Wirth III, et al. sion-injured feline spinal cord. These findings were confirmed by correlative postmortem gross and histological analyses. The initial results of this investigation have been summarized elsewhere. 38
Materials and Methods

Hemisection Injury Model
Donor Tissue Preparation. Donor tissue was obtained by Caesarean section from mature, randomsource, gravid female cats. In the absence of naturally occurring estrus, these cats were induced into sexual receptivity with the administration of follicle stimulating hormone-pituitary extract at a dosage of 2 mg/day until overt signs of estrus were observed or for a maximum of 5 days. 37 Mating times and fetal crown-rump measurements 2~ were recorded for determination and verification of fetal ages, respectively.
Immediately after Caesarean section, each fetus was placed in cold Hanks' balanced salt solution. Under aseptic conditions, either brain-stem tissue on embryonic Day 37 (E37), neocortex tissue on Day E37, or spinal cord tissue on Day E23 was removed. The surrounding meninges (except the pia mater) were stripped free. In the case of fetal spinal cord grafts, the attached dorsal root ganglia were also removed. The dissected fetal tissue was then cut into pieces closely approximating the length of the hemisection cavity.
Surgical Lesion and Transplantation. Hemisection lesion of the spinal cord was performed on eight adult female cats (aged 8 months to 3 years), each weighing 2.5 to 5.0 kg. Cyclosporine A was administered at a dose of 10 mg/kg beginning 24 hours prior to surgery and then continued daily thereafter until the end of the experiment.
Following induction of anesthesia with ketamine HCI (10 mg/kg), xylazine (2 mg/kg), and glycopyrolate (15 ug/kg), the cats were maintained on 1% to 3% halothane. The eyes were coated with sterile ophthalmic lubricant to prevent corneal desiccation. Lactated Ringer's solution (10 mg/kg/hr) was administered through an indwelling catheter placed in the cephalic vein.
Each cat was placed in sternal recumbency on a circulating hot-water heating pad. Strict attention to aseptic technique was maintained throughout the surgical procedure. A skin incision was made on the dorsal midline; the muscle and fascia were dissected from the dorsal spinous processes and laminae to provide adequate exposure of a one-segment hemisection/transplantation site at the T1 l-L1 level. The laminectomy was performed using a Rongeur, and bone wax was employed to maintain hemostasis. The dura mater was incised near the midline and reflected. The pia mater was then incised and carefully separated from the surface of the cord, preserving the integrity of the major vessels. The hemisection lesion, which sometimes extended over the midline, was then made with the aid of gentle aspiration and microdissection. Once bleeding was arrested with bovine thrombin-soaked Gelfoam and cerebrospinal fluid (CSF) filling of the cavity was controlled, donor tissue was introduced into seven of the eight cats with hemimyelotomies. The remaining animal did not receive donor tissue and served as a control. The pia and dura mater were then sutured separately with 8-0 Prolene microsuture. Durafilm was placed over the dura, and the muscle, fascia, subcutis, and skin were then closed in layers.
Postoperative Care. Intravenous fluid infusion and supplemental heating were continued until the animals were awake, at which time they were transferred to a heated recovery cage. Prophylactic antibiotics (amoxicillin, 15 mg/kg twice daily) were administered for 5 days postoperatively. Body temperature, pulse rate, respiratory rate, neurological functions, and responsiveness to handling were monitored closely as indicators of infection or pain. Urinary bladder and bowel functions were monitored and, when necessary, the bladder was manually expressed three times daily until normal micturition was restored. The cats were maintained on a balanced, low-ash, acidic urine-inducing diet to aid in the prevention of cystitis. An exercise/socialization area was provided for the cats to facilitate recovery. All animals recovered uneventfully, although with a mild neurological deficit as a result of the spinal lesion.
Compression Injury Model
Donor Tissue Preparation. Fragments of either E23 brain-stem tissue or E23 spinal cord tissue were obtained as in the previous section. In addition, a cell suspension of E23 spinal cord tissue was prepared. A slurry of cells was made by mincing the tissue into small pieces in a 0.6% glucose-saline solution. The pieces were next dissociated by mechanical trituration using fire-polished pipettes of progressively decreasing diameter. A suspension of approximately 1.6 x 10 6 cells/cu cm was obtained and cell viability of greater than 90% was determined using acridine orange and ethidium bromide/ Surgical Lesion and Transplantation. The procedures for static-load compression injuries of the feline spinal cord have been described in detail elsewhereY Briefly, four cats were anesthetized with intraperitoneal pentobarbital sodium (Nembutal, 30 mg/kg) and immobilized in a stereotactic frame. A one-segment laminectomy was performed at the L-2 level. A guide tube was positioned directly over and perpendicular to the center of the spinal cord. Compression was produced by passing a weighted steel rod (170 to 190 gm, tip diameter 6 mm) through the guide tube until it rested directly on the dura overlying the center of the spinal cord for 5 minutes.
Five to 7 weeks after the compression injury, the four cats received a daily regimen of cyclosporine A (10 mg/ kg). One to 2 days later, the original surgery/trauma site was re-exposed and the location of the contusion was determined by identifying a necrotic region and an area of cystic cavitation within the cord. In three animals, the meninges were incised at this location, the necrotic tissue was aspirated, and the cavity was then flushed with physiological saline. Whole pieces of either E23 brain-stem tissue or E23 spinal cord tissue were placed into these cavities. The remainder of the surgical procedure was identical to that described for the hemisection-lesion group. In the fourth cat, the dura was incised at the lesion site, and 120 ul of a cell suspension of E23 brain-stem tissue was injected through the pia-arachnoid into a small, pulsating cavity. A Hamilton syringe, fitted with a No. 30 needle, was used for the suspension injections. Surgical closure and postoperative management were as described in the hemisection model.
Magnetic Resonance Imaging Studies
A series of MR images was obtained once between 5 months and 2 years posttransplantation (or postlesion) in all but one animal; this cat (H2, Table 1 ) was examined on multiple occasions (6 and 8 89 months) prior to its last imaging session at 10 months posttransplantation. The animals were injected with glycopyrolate (15 ug/kg) and anesthesia was induced with a mixture of ketamine ( 11 mg/kg) and xylazine (2.2 rag/ kg). An intravenous catheter was placed in a cephalic vein for constant infusion of lactated Ringer's solution and 5% dextrose. The surgical site was determined by identifying the missing dorsal process(es) and was marked for MR visualization by suturing to the overlying skin a 1-to 2-cm long piece of 3-ram diameter polyethylene tubing containing 0.4 gm% CuSO4 in water.
After endotracheal intubation, anesthesia was mainmined with isoflurane (1% to 3% in 100% O~) via a coaxial-circuit non-rebreathing apparatus. Body temperature was monitored with an esophageal probe* and maintained by a circulating hot-water heating pad. To further stabilize body temperature, the ambient temperature in the magnet bore was increased by the periodic use of a 1500-W hot-air blower connected to a 10-foot length of 6-in. diameter corrugated pipe. Heart rate, expired CO2, and respiratory rate were also monitored continuously during the imaging process.
The cats were placed in the supine position (to reduce breathing motion artifacts) in a specially designed Plexiglas holder and centered over a curvilinear 6 x 6-cm single-turn surface coil attached to the external surface of the holder. Imaging was performed with a 2.0-tesla VIS imaging spectrometer by acquiring multislice spinecho images (TR 1000 msec, TE 30 msec) in both the transverse and sagittal planes. The repetition (TR) and echo (TE) times were empirically chosen to optimize gray-white matter contrast, signal-to-noise ratio, and acquisition time. After the graft site was centered over the surface coil, survey measurements with slice thickness of 2 to 3 mm and two signal averages (12-minute acquisition time) were performed to determine the precise location of the graft site. Imaging experiments with l-ram slices and four signal averages (24-minute acquisition time) were then performed to study the graft area in greater detail and to reduce the partial volume effects seen in thicker slices. All experiments had a read-out gradient of I gauss/cm, a 6 x 6-cm field of view, and a 256 x 256 acquisition matrix and, therefore, an inplane resolution (pixel size) of 0.23 x 0.23 mm.
Histological Analysis
For histological verification of the MR images, the cats were deeply anesthetized with intravenous Nembutal (30 mg/kg) immediately after MR imaging and were perfused intracardially with 0.9% saline followed either by fixative for electron microscopy (eight cats; 5% glutaraldehyde, 4% paraformaldehyde in 0.1 M Sorenson's phosphate buffer) or by immunocytochemistry fixative (three cats; 4% paraformaldehyde in 0.1 M Sorenson's phosphate buffer). The spinal cords were removed, visually inspected, and cut transversely into 1-mm blocks in register with the previously obtained lmm transverse images. Tissue blocks prepared for immunocytochemistry were cut into 40-urn sections on a vibratome and incubated with various antisera for companion studies? All other blocks were embedded in Epon; 2-urn thick sections were obtained, stained with toluidine blue, and examined by light microscopy.
Results
Intact Cord Regions
At levels of the host spinal cord rostral or caudal to the lesion, minimal pathology was seen and the gray *Esophageal probe manufactured by Luxtron Corp., Mountain View, California.
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matter was clearly defined. On intermediate-weighted images, intact gray matter exhibited a high signal intensity, whereas normal white matter typically yielded a less intense image (Fig. I a) . This contrast also provided excellent differentiation of gray and white matter on sagittal views. Although the general integrity of the spinal cord was not usually disturbed at levels beyond 1 to 2 cm from the transplants, areas of spongiform degeneration and demyelination (such as in the dorsal funiculus, Fig. l b) presented lower levels of signal intensity than normal white matter (Fig. la) . The MR images also provided good visualization of structures surrounding the spinal cord including the ventral spinal artery, epidural fat pad, and dural venous sinuses (Fig. la) .
Transplants in Hernisection Cavities
Six months posttransplantation, five of the seven cats (Cats H2 to H6, Table 1 ) that had received fetal neural tissue grafts in hemisection lesions exhibited areas of medium-to-high signal intensity in the transplantation region. A less defined signal was seen at graft levels in Cat It7, whereas only hypointense zones were observed in Cat H1 and at the injury site in the lesion-only control.
The hyperintense zones in Cats H2 to H6 had signal intensity levels similar to those of normal gray matter and were generally restricted to the side of the spinal cord where the graft had been placed ( Fig. lc and e) . Histological examination subsequently verified the presence of large viable transplants in each of these five cats ( Fig. ld and f) . High-powered light microscopic examination of the transplanted fetal tissue revealed healthy well-differentiated neuronal and glial populations ( Fig. 2a and b) . Multiple central canal-like structures were also often observed, as were areas of heavy myelination. The grafts were highly vascularized and on cytological examination resembled mature CNS tissue with an abundance of densely packed neuritic processes (for additional details of graft cytology, refer to Anderson, et al?) .
In some instances, the predominantly high signal intensity zones seen on MR images also contained central and/or peripheral areas of either low or heterogeneous signal intensity (Fig. le) . It was found that this signal heterogeneity was due to structural diversity within the graft (Fig. l f) and that these distinct tissue formations frequently appeared smaller on corresponding MR images due to a volume-averaging artifact.
While the transplants shown in Fig. 1 were hyperintense relative to the host side of the spinal cord, some variability in the contrast between host and graft was observed in other subjects ( Fig. 3a and c) . For example, in certain instances a modest contrast between host and graft was due to some high signal intensity regions in the host neuropil. Subsequent histological analysis demonstrated that in these animals the elevated signal intensity on the host side was in register with a significant amount of necrotic host tissue ( Fig. 3b and d) due to a progressive degeneration resulting from inadvertent vascular compromise during preparation of the lesion. On the other hand, MR images of Cat H7 did not exhibit any differences in signal intensity between the host and graft sides of the spinal cord (Fig. 3e) . Postmortem observation of tissue specimens from this cat, 2 years posttransplantation, revealed only a small graft in the left dorsolateral quadrant on the spinal cord (Fig. 3t") .
Although the image contrast between host and graft was occasionally poor, portions of the host-graft interface were often marked by moderately to extremely hyperintense signals (Fig. 3a and c) . These boundary segments usually presented in the sagittal plane as regions of high intensity situated along portions of the rostral and/or caudal borders of the graft site and along parts of the medial border of the transplanted side on transverse image slices. Examination of histological sections from corresponding spinal levels showed that these areas consisted of gliotic and/or degenerating or edematous host tissue ( Fig. 3b and d) .
In six of the seven cats studied (Cats H1 to H5 and H7), sharply demarcated regions of low signal intensity were also observed on the sagittal MR views at or near the histologically identified transplantation site. Cats H2 to H5 and H7 exhibited these hypointense areas adjacent to the hypertense regions described above (Fig.  4b, c, and d) . On the other hand, both a control animal that had received a lesion without an implant of fetal neural tissue (Fig. 4a) and Cat HI, which had received a graft, presented only large zones of relatively homogeneous and low signal intensity. Postmortem gross and histological examination of specimens from spinal cord segments representative of the MR images revealed that these hypointense territories were in register with cavities that were filled with CSF and were largely devoid of tissue elements. In Cats H2 to H5 and H7, these cavities were found next to the viable grafts described above, whereas both the control animal and Cat H1 failed to show any hyperintense areas on the MR images. Also, Cat H 1 did not exhibit any viable graft tissue on postmortem histological examination.
Parenthetically, the region of hypointensity in the one animal (H2) imaged on multiple occasions showed progressive changes. Thus, a large area of cavitation was seen between host and graft at earlier postgrafi intervals (Fig. 4d) , whereas the volume of this cavity was much smaller when the last MR image was obtained.
Transplants in Compression Lesions
We also evaluated MR imaging for its ability to demonstrate surviving fetal grafts in compressed spinal cords. All four animals in this group (Cats C1 to C4, Table 2 ) exhibited regions of hyperintense signal at the transplantation site. In Cats C1 and C2, the zone of high signal intensity encompassed up to 90% of the cross-sectional area of the spinal cord (Fig. 5a) . The hyperintense areas in these two cats were similar to E. D. Wirth III, et al. Fig. l c and e) . However, in contrast to animals in the hemisection group, in which both the hyperintense areas and histologically identified grafts were largely restricted to one-half of the spinal cord, postmortem analyses of Cats C1 and C2 demonstrated that the hyperintense areas corresponded to transplanted fetal tissue that had grown to fill very large central defects (Fig. 5b) . Further histological inspection of these transplants showed features of differentiated neuropil identical to that seen in grafts to hemisection lesions ( Fig. 2a and b) . On MR images of Cat C3, however, the zone of high signal intensity was confined to a circular-to-elliptical central location in the cord surrounded by tissue yielding a signal similar to that of normal host white matter. This MR appearance was also observed on images of the animal that had received an injection of a fetal cell suspension into the lesion cavity (Cat C4, Fig. 5c ). The signal intensity of the graft area was comparable to that of the MR images of Cats C1 and C2 and host gray matter, but the dorsal and ventral horns observed in Fig. 1 were absent. Postmortem analyses revealed that the hypefintense areas matched the locations of surviving neural'grafts (Fig. 5d) .
Cats C2 and C3 also displayed some areas of low signal intensity adjacent to the hyperintense zones ( Fig.  6a and b ) similar to MR images of animals in the hemisection group. The locations of the low signal areas coincided with large cystic regions found in postmortem specimens (Fig. 6c) . The correlation between the hypointense zones on the MR images and the areas of cyst development observed in fixed tissue samples is consistent with the findings obtained from the hemisection group. Figs. 4b and 4c , respectively. Bar = 4 mm. These images of Cat H2 were acquired 1 89 months prior to the image shown in Fig. lc. Since Figs. lc, ld, and 3d are from the same level of the transplant, it appears that the graft expanded to fill in part of the cyst (c) evident in Fig. 4d . However, the rostral and caudal cysts in Fig. 4b remained at the time of sacrifice (data not shown).
Discussion
The results of this investigation demonstrate a strong correlation between areas of medium to moderately high signal intensity on intermediate-weighted, spinecho M R images and the presence of long-term transplant survival in lesions of the adult cat spinal cord. This MR appearance of fetal transplants contrasted with the lower signal intensity exhibited by the intact host white matter.
As one control for this study, an animal was prepared with only a partial spinal resection. Subsequently, MR images of the site of injury yielded a very hypointense signal quite unlike that derived from viable graft tissue. In addition to those of this control animal, markedly hypointense areas were also found on MR images of the graft sites where intraspinal transplants were either absent or poorly integrated. Consistent with observations of standard T~-weighted images, these hypointense areas on the intermediate-weighted images corresponded to cysts characterized by long TR's. 36 When such low-signal zones approximated hyperintense areas representative of graft tissue, the contrast aided in defining the borders of the transplant where host-graft integration was not optimal. In the more extreme situation, a region of weak signal intensity at the graft site correlated with the absence of any surviving donor tissue, as occurred in one animal (Cat HI) in this investigation. Thus, at these advanced postgraft stages, a hyperintense signal on MR images was reasonably predictive of the presence of some viable grail tissue. On the other hand, regions of low signal intensity were more indicative of cysts or wounds in which no graft or other tissue masses were seen.
Imaging Parameters
The imaging protocols used in this study were optimized for signal-to-noise ratio and contrast between gray and white matter. ages as evidenced by the high signal intensity from the epidural fat and very low signal intensity from the CSF. However, the intermediate-weighted images have a TR slightly longer than that of the measured T j-weighted image for gray matter. 36 This increased the contrast between gray and white matter over that obtained by T~-weighted images while still maintaining a superior signal-to-noise ratio. In addition, T2-weighted images were not acquired because of their inherently low signal-to-noise ratio and the long acquisition times required, although we recognize the capacity of T2-weighting for highlighting CSF. Overall, the excellent signal-to-noise ratio allowed us to obtain very thin slices (1 mm thick) with high in-plane resolution (234 • 234 um). This proved to be extremely important for studying in vivo spinal cord transplants in cats with graft sizes typically approximating 2 x 2 x 6 mm. Our experience from this study suggests that the maximum useful slice thickness is 2 to 3 mm in the transverse plane and 1 to 2 rnm in the sagittal plane. We are currently limited by our imaging system to a minimum slice thickness of approximately 1 mm.
Comparison with MR Studies of Fetal Brain Transplants
The MR signals obtained from the graft sites in this study are consistent with imaging results of fetal striatal tissue transplants in the kainic acid-lesioned striaturn. 24 '25 Moreover, another study 27 found that the T2 relaxation times of grafted fetal striatal neurons was decreased to 30 to 50 msec, as compared to 70 to 80 msec for normal gray and white matter. Although we did not measure the T2-weighted image intensity of the grafts in this study, because of the observed partial volume artifacts, the hyperintense signal exhibited by the transplants on intermediate-weighted images with a TE of 30 msec would be consistent with a similarly reduced T2 relaxation times in fetal cat neural tissue. We also observed that these hyperintense areas may contain subregions of heterogeneous signal intensity due to volume averaging of graft tissue with extramedullary elements (such as CSF) and/or other components (such as an expanded central canal) within the graft parenchyma.
Host-Graft Approximation
In some animals, portions of the interface between graft and host were delineated by segments of very high signal intensity separating normal-appearing host spinal cord from the moderately hyperintense transplant areas ( Fig. 3a and c) . The high signal intensity at the graft boundary may indicate residual spinal edema, 13 degeneration prior to actual cavitation ( Fig. 3a and c) , or the presence of gliosis between graft and host? Glial scars often form along areas of the CNS that become exposed to non-CNS environments? ~ In the absence of a hyperintense border, however, it was frequently diffficult to ascertain whether the host and donor tissue were confluent or separated by a more subtle intervening scar. This limitation is due both to volume averaging artifacts from insufficient spatial resolution and to inadequate contrast between the graft and adjoining host tissue. Emphasis on the ability to resolve the extent of hostgraft integration can be relevant to the potential for forming axonal connections that may be vital to graftmediated functional recovery.'8
Present Limitations of MR Imaging
Although we currently have adequate sensitivity for the gross visualization of fetal grafts by MR imaging, increased resolution would help to reduce the volumeaveraging artifacts, provide more information regarding E. D. Wirth III, et al. host-graft apposition, and permit the observation of very small pieces of graft tissue of a size approaching the limit of available spatial resolution. Increased resolution could be achieved through further optimization of radiofrequency coil geometry to match the anatomy of the spine, imaging at higher field strengths, the acquisition of more signal averages, or volume imaging. The first two considerations require minor and major hardware upgrades, respectively, whereas the latter two options demand only increased imaging time.
Future Directions
Finally, for MR imaging to become a more fully reliable diagnostic tool for the evaluation of CNS transplants, future investigations must consider its ability to assess the viability and metabolic status of the graft at both subacute and chronic posttransplantation intervals, as well as for providing indices of incipient graft rejection. For example, at the advanced postgrafting intervals sampled in this investigation, both degenerating and gliotic regions of the host spinal cord exhibit MR signals very similar to those yielded by viable graft tissue. Thus, if a transplant is rejected and subsequently replaced by fibrotic tissue, it is conceivable that large hypefintense areas might still appear at graft sites actually containing little or no donor tissue. It is also possible that evolving lesions may in some cases present signals that could be interpreted as graft tissue. These issues are currently being investigated and the conclusions derived from the present study are limited to late postgrafting intervals at this time.
Although a good correlation was observed between certain MR signals and the presence of a healthy fetal CNS transplant in this investigation, standard spin-echo imaging techniques alone cannot be used to assess the viability of a graft directly. It is possible that this may be achieved by prelabeling the grafts with an MR imaging contrast agent prior to transplantation. 32 For example, suspensions of fetal rat basal forebrain neurons that were prelabeled with the paramagnetic contrast agent colloidal gold and transplanted into the basal forebrain of adult rats showed a markedly distinct signal from the host brain on MR images. Destruction of the graft cells containing the paramagnetic contrast agent would presumably result in decreasing contrast between graft and host due to loss of the contrast agent from the graft site, provided that the agent was not taken up by neighboring cells.
In order to measure the metabolic status of a graft, however, MR spectroscopy and/or metabolite-specific imaging is required. One such investigation has reported the ability of MR spectroscopy to measure changes in lactic acid, intracellular pH, and high-energy phosphates, which are associated with the bioenergetic status of cells, in the injured rabbit spinal cord. 35
Conclusions
Although several issues need to be resolved in order to optimize the use of MR imaging in relation to experimental neural tissue transplantation, these initial observations are encouraging and provide a framework for future technical improvements and strategies. By providing in vivo evidence indicative of graft survival or demise, MR imaging (alone or in conjunction with other diagnostic methods) can certainly help to enhance the use of laboratory animals required for fundamental and applied research. In conjunction with histological, behavioral, and electrophysiological studies, MR imaging can also facilitate the study of transplants in traditional resection and more clinically relevant models of spinal cord injury, such as those provided by static-load compression. We also recognize that in situ verification of graft survival of MR imaging will be an important part of any potential clinical trials involving intraspinal neural tissue grafting.
